To convert measurements of backscattered acoustic energy to estimates of abundance and taxonomic information about the zooplankton community, all of the scattering processes in the water column need to be identified and their scattering contributions quantified. Zooplankton populations in the eastern edge of Wilkinson Basin in the Gulf of Maine in the Northwest Atlantic were surveyed in October 1997. Net tow samples at different depths, temperature and salinity profiles, and multiple frequency acoustic backscatter measurements from the upper 200 m of the water column were collected. Zooplankton samples were identified, enumerated, and measured. Temperature and salinity profiles were used to estimate the amount of turbulent microstructure in the water column. These data sets were used with theoretical acoustic scattering models to calculate the contributions of both biological and physical scatterers to the overall measured scattering level. The output of these predictions shows that the dominant source of acoustic backscatter varies with depth and acoustic frequency in this region. By quantifying the contributions from multiple scattering sources, acoustic backscatter becomes a better measure of net-collected zooplankton biomass.
Introduction
Acoustic surveys of zooplankton and fish offer many advantages over other sampling techniques (Holliday and Pieper 1995; Foote and Stanton 2000) . Measurements of acoustic backscatter using a scientific echosounder can be made from ships, buoys, or moorings and thus provide greater spatial coverage or longer time series than conventional sampling techniques such as net tows or diver observations. Although video sampling methods (Davis et al. 1996; Benfield et al. 2001 Benfield et al. , 2003 provide some of the same advantages as acoustics, they are not used as extensively as acoustic surveys and typically have much smaller sampling volumes.
One of the difficulties in using acoustic backscatter to measure marine life in the ocean is that the data collected are indirect measures of biota. If aggregations of animals in a region are monospecific and of similar size, theoretical backscatter models can be used to estimate their distribution and abundance (Hewitt and Demer 2000) . If more than one frequency of sound is used, then more categories and size classes of animals may be distinguished and their abundance estimated (Martin et al. 1996; Brierley et al. 1998) . However, these approaches require that the type of the scatterers present in the water column is known. Because of this, zooplankton samples are typically collected by net tows during an acoustic survey. These samples provide taxonomic and size information that can be used to predict the level of acoustic backscatter in the water column.
This prediction is often referred to as the forward problem (FP). For a particular type of backscatterer (usually delineated by either size or taxonomy), the scattering contribution can be found by multiplying the numerical density of scatterers (N i , in m -3 ) present and the backscatter cross section for an individual scatterer of this type ( i , in m 2 ). The backscatter cross section is a function of several parameters, including the size, shape, composition, and orientation of the scatterer and acoustic frequency. The output of the FP is the volume backscatter coefficient (s v , in m -1 ), which is found by summing the contributions from the different types of scatterers present If the measured and predicted values agree, the inverse problem (IP) (using measured scattering values and theoretical scattering models to determine the number, size, or type of animals present) is more likely to be solved correctly. However, the predicted and measured volume backscatter strengths occasionally differ by an order of magnitude (or more), which can lead to large errors or uncertainty in solving the IP. For example, a 3 dB difference in S v corresponds to a factor of two difference in the number of animals or their biomass. In practice, solutions to the FP are used in a diagnostic sense to determine how well the theoretical scattering models predict observed levels of backscatter in the ocean (Wiebe et al. , 1997 . These results often indicate that only a small subset of the animals present in the water column are acoustically important or, in some cases, that backscatter predictions based on the sampled zooplankton are unable to account for all of the observed backscatter and that another scattering source is unaccounted for in the FP analysis (Mair et al. 2005) .
Although nearly every acoustic survey relies on net tow data to ground-truth the acoustic data, many do not take complete advantage of all the available information provided by the net tow. Typically, FP calculations are performed to identify the acoustically dominant taxa in the water column; however, the quantification of backscatter contributions from all of the taxa found in the water column is rarely done. Although many taxa present in the water column will contribute negligibly to the overall level of backscatter (because of small size, low numerical density, or low scattering efficiency), there are often several scattering sources that contribute substantially to the overall level of measured acoustic backscatter. Furthermore, the vertical distribution of zooplankton in the water column varies, which may cause the taxa that is the largest acoustic scatterer to change as a function of depth. Many of the net tows used to ground-truth acoustic data cannot provide this information, which may further complicate estimates of zooplankton abundance or distribution.
Even if the backscatter from marine organisms is accurately measured, there are other processes in the ocean that can contribute measurable amounts of backscattered acoustic energy. Suspended sediments, air bubbles, ocean mixing processes, and other biota have all been observed during acoustic surveys of zooplankton (Wiebe et al. 1997; Trevorrow 1998) ; however, backscatter from nonbiological processes is rarely quantified during field surveys.
Acoustic methods have been used for many years to observe physical mixing processes in the ocean (Thorpe and Brubaker 1983; Orr et al. 2000; Ross and Lueck 2005) . It has only been in the last decade that theoretical scattering models for these processes have begun to be tested in the field. These models use the variations in temperature and salinity to calculate changes in the index of refraction and density in the water column that result from turbulence and other mixing processes. The acoustic scattering that occurs from these variations can then be predicted (Goodman 1990; Seim et al. 1995; Lavery et al. 2003) .
Depending on the mixing rates present (generally characterized by the dissipation rates of turbulent kinetic energy () and temperature variance ()), backscatter from turbulent microstructure can be equal to or greater than that from assemblages of zooplankton, particularly at the lower range of frequencies commonly used for acoustic surveys (i.e., <100 kHz; see fig. 1 in Warren et al. 2003) . Estimates of S v from this mechanism range from -110 dB in calm waters with small temperature and salinity stratification to -60 dB or higher for regions of intense mixing such as the Bosporus Strait (Seim 1999) .
This study examines the contributions of both biological and physical sources of backscatter to the water column in the Gulf of Maine. Contributions from each scattering source were quantified using theoretical scattering models and either net tow data or hydrographic profiles for multiple depth bins of the water column and multiple acoustic frequencies. The theoretical predictions of backscatter from the different scattering sources were used to correct the amount of measured backscatter in the water column to reflect scattering only from biological sources. The adjusted values of measured backscatter were then compared with measurements of zooplankton biomass.
Materials and methods
As part of a GLOBEC (GLOBal ocean ECosystem dynamics) process cruise studying the populations of Calanus in the basins of the Gulf of Maine, an acoustic survey was conducted in the eastern part of Wilkinson Basin (located between Georges Bank and Stellwagen Bank) in midOctober 1997 from the R/V Endeavor (Table 1) . To provide spectral information about the acoustic backscatter processes occurring in the water column, multiple frequency acoustic backscatter data were collected by BIOMAPER-II (BIO-optical Multifrequency Acoustical and Physical Environmental Recorder) (Wiebe et al. 2002) .
Multiple opening and closing net and environmental sensing system (MOCNESS) tows were conducted to collect zooplankton samples while BIOMAPER-II was concurrently recording acoustic backscatter data from the water column. Profiles of the temperature and salinity of the water column were made with conductivitytemperature-depth (CTD) sensors onboard the MOCNESS and nearby higher-resolution CTD casts (Sea-Bird 911; Sea-Bird Electronics, Inc., Bellevue, Wash.) from the vessel. Data from two sampling periods are presented herein, with samples from year-day 287 (CTD 08, MOC 07) and year-day 289 (CTD 10, MOC 09). The CTD and MOC-NESS sampling took place in the same general area (Table 1) . These data sets (acoustic backscatter, zooplankton taxa and size, and temperature and salinity profiles) provided enough information to estimate the contributions from biological and physical sources of acoustic backscatter.
Acoustic backscatter measurements BIOMAPER-II (Wiebe et al. 2002 ) is a towed body with numerous acoustic, environmental, video, and bio-optical sensors. The acoustic system consists of five pairs of transducers (operating at 43, 120, 200, 420 , and 1000 kHz), with one of each frequency looking upward and the other downward. The transducers have depth ranges of 200, 200, 150, 100, and 35 m, respectively, with a vertical resolution of 1 m depth bins. Backscattered energy from each transducer and for each depth bin was recorded as echo-integrated volume backscattering strength every 12 s. At typical survey speeds, this ping rate corresponds to a horizontal range between pings of 20 to 50 m. The instrument was normally towed obliquely through the water column; however, because additional equipment was in the water during these measurements, the tow body was kept at a constant depth of approximately 5 m below the surface, and slower tow speeds resulted in a horizontal resolution between pings of approximately 10 to 15 m. Because of this configuration and the limited depth range of the 1 MHz transducer, only data from the downward-looking transducers at 43, 120, 200, and 420 kHz were analyzed.
The acoustic data were processed and combined with data from the ESS (environmental sensing system) sensors that are also onboard BIOMAPER-II. The acoustic system was calibrated using standard target spheres before the cruise. The final data file provided echo-integrated volume backscatter coefficients (s v ) for the water column along with date, time, position (latitude, longitude, instrument depth), temperature, salinity, fluorescence, turbidity, and other sensor data.
Zooplankton net sampling
Two 1 m 2 MOCNESS tows were analyzed to identify, enumerate, and measure the zooplankton present in the waters of Wilkinson Basin. A MOCNESS system consists of a series of nine nets, which enables specific depth strata to be sampled. Generally, net 0 was open from the surface to the deepest point of the tow (10-20 m above the bottom), and the remaining nets (1-8) were opened and closed in succession every 25 to 50 m during the return to the surface. The MOCNESS system also recorded the volume of water filtered by each net, the time that each net was opened and closed, depth, salinity, temperature, density, and fluorescence.
The nets were equipped with 333 mm mesh and cod-end buckets for collection of zooplankton and larval fish. Each cod-end sample was split and stored in a buffered formalin solution. Postprocessing of the samples consisted of silhouette photography of the animals (Davis and Wiebe 1985) . These images were then examined under a microscope and the organisms were measured and identified by taxonomic group. Numerical density and biomass (mgÁm -3 ) were then calculated for each net for each taxonomic group (Davis and Wiebe 1985; Wiebe 1988 ).
Scattering models
Mathematical models that combine scattering physics and the geometry of the animal shape for several types of zooplankton were used to provide backscatter information for single animals for use in the FP analysis (Table 2 ). These models have been developed previously and only slight modifications to some input parameters have been made in this work. These modifications were limited to body length-width relationships and the use of a simple fluid-like tissue model for certain gelatinous animals. The models represent the three main taxonomic types of zooplankton: fluidlike, elastic-shelled, and gas-bearing animals (Stanton et al. 1998 ).
Biological scatterers
Fluid-like models were used for copepods, euphausiids, amphipods, and other animals that have a thin shell (which does not support a shear wave) and a body composition that has similar density and sound speed to that of sea water. Fluid-like animals, which constituted the majority of zooplankton taxa that were encountered in the Gulf of Maine and Georges Bank regions, were modeled as weakly scattering, bent, fluid cylinders (Stanton et al. 1993b; Chu et al. 1993) . The model has input parameters of animal size (typically, a, the radius), the acoustic frequency (f) or wave number (k ¼ 2f c , where c is the speed of sound in seawater), the ratio of sound speed and density between the scatterer and the surrounding fluid (g and h, respectively), the lengthwidth ratio of the animal ( D ), and the orientation of the cylinder relative to the acoustic wave front. An assumed range of orientation angles based on previous studies was used in modeling the euphausiids, as acoustic backscatter strength is a function of animal orientation (Sameoto 1980; McGehee et al. 1998; Warren et al. 2002) . These animals Modeling of other fluid-like animals was similar to that for the euphausiids. The value of D was changed slightly to better reflect the body shapes of the other fluid-like animals (Table 2) . Although Benfield et al. (2001) indicated that copepods may tend to orient themselves vertically in the water column, it was not known under what conditions this occurs, so an average over all orientations (uniform distribution) was used for all fluid-like animals except for euphausiids. Small changes in the values of g and h can cause large variations in the level of scattering from an animal Chu and Wiebe 2005) , so to minimize variability in this analysis, constant values of g = 1.0357 and h = 1.0279 (Foote 1990) were used for all fluidlike animals. It is not known whether the fluid-like animals found in this region have similar material properties as few data are available for animals other than copepods and euphausiids. If differences in the material properties exist for the fluid-like animals, this would cause larger variations in the predicted level of biologically caused backscatter.
Elastic-shelled models were used for animals with hard, elastic shells such as pteropods. Pelagic pteropods are typically very small (<1 mm in diameter) but scatter a large amount of sound (per unit biomass) because of their dense shell. Other strong scatterers are gas-bearing animals such as siphonophores, where the scattering is caused by small gas bubbles used for buoyancy. Gelatinous animals (e.g., salps or medusae) or parts of animals (e.g., siphonophore nectophores) have not been modeled as thoroughly as the fluid-like or elastic-shelled animals. However, because of their body composition, it is believed that they scatter smaller amounts of sound by a mechanism similar to that of the fluid-like animals (Monger et al. 1998) .
Several of these zooplankton models have been compared with measured scattering from individual animals (copepods, euphausiids, pteropods, and siphonophore nectophores and pneumatophores) Warren et al. 2001) . The remaining zooplankton models have not been tested specifically against measurements from individual animals (amphipods, salps, polychaetes, chaetognaths, larval crustaceans, and cyphanautes); however, these groups contain animals that are believed to be less important acoustically in this study because of either low numerical densities or very weak scattering characteristics.
The zooplankton backscatter models were combined with the abundance data from the MOCNESS tows to estimate the amount of biologically caused scattering in the water column. For each animal type collected in a net tow, the backscatter contribution for an individual animal was determined using the appropriate scattering model. These contributions were summed over all animals collected and then divided by the volume of water sampled by the net to arrive at a volume backscatter coefficient for the depth stratum of the net. The contributions from all of the zooplankton were summed and the result was a predicted volume backscatter coefficient for biological sources.
Physical scattering processes
Additional sources of backscatter that have been observed in the vicinity of Georges Bank include suspended sediments and bubbles. These scatterers are not believed to be important in this study because of the absence of sediment in net tows and the relatively calm sea state during the survey period. However, internal waves were seen in the acoustic record during the survey and thus the importance of backscatter from the resultant turbulent microstructure was examined.
Scattering from turbulent microstructure in the water column was analyzed in a parallel manner to that from zooplankton except that hydrographic data are used as the scattering model input instead of net tow data. Predictions from the theoretical backscatter model were made based on inputs of temperature, salinity, and the dissipation rates of turbulent kinetic energy and temperature variance (Seim 1999) . The latter two values were estimated using temperature and salinity profiles from CTD casts taken either before or after the MOCNESS tow (Table 1) (Thorpe and Brubaker 1983; Warren et al. 2003) . Although the ESS system on the MOCNESS provided temperature and salinity profiles, the sampling rate was limited to 0.25 Hz, thus to resolve temperature and salinity variations at vertical scales less than 1 m, the higher resolution CTD cast data (sampled at 24 Hz) were used. The CTD data were not collected concurrently with the acoustic and net tow data so there are potential errors in using the CTD data to describe the structure of the water column when the net and acoustic data were recorded. However, hydrographic profiles for each CTD cast were consistent with the profile recorded by the corresponding MOCNESS tow. Although this method is far from ideal for measuring values of turbulent kinetic energy and temperature variance, this method has been used previously to make realistic estimates that compare favorably to measurements of turbulent kinetic energy and temperature variance made in a similar region (Warren et al. 2003; Seim 1999) . Sea state was relatively calm during these tows so we believe that errors due to vertical ship and CTD sensor movement are minimal. The estimated level of backscatter from microstructure was then averaged over the depth ranges sampled by each MOCNESS net so that it could be compared with the FP estimates from the zooplankton.
Results
Data are presented for two MOCNESS tows that occurred in nearby regions but differed in the types of zooplankton present, levels of acoustic backscatter, and water column structure. MOCNESS 7 was lowered to a depth of 191 m and was brought to the surface with a net closed and new net opened at 175, 150, 125, 101, 74, 50, 26 , and 0 m. The lower nets contained large amounts of biomass (150-200 mgÁm -3 ) and were dominated by copepods and euphausiids (Fig. 1a) . The surface layer (0-26 m) had a higher level of biomass (over 100 mgÁm -3 ) than the other upper water column samples and was composed of copepods, polychaetes, chaetognaths, and amphipods.
Data from MOCNESS 9 show a different depth distribution of biomass, as well as a slightly more diverse taxonomic composition (Fig. 1b) . Nets were opened and closed at depths of 180, 153, 124, 99, 80, 60, 39, 20 , and 0 m. The zooplankton collected were dominated by an enormous number of salps (2500 animalsÁm -3 ) near the surface (from depths of 20-40 m), resulting in a large amount of biomass, nearly 1 gÁm -3 . There was also a substantial amount of biomass from 80-124 m that was composed of copepods and euphausiids, as well as a copepod-dominated bottom layer. The salp surface layer was an unusual occurrence on this cruise, and no other net sample from the nine MOCNESS tows collected during the cruise had such a large amount of biomass. For both net tows, the dominant component of biomass at most depths were calanoid copepods. Fig. 1 . Total biomass estimated from (a) MOCNESS 7 and (b) MOCNESS 9 data with the relative contributions of the different taxonomic groups. Several taxa are grouped together in the plot, including amphipods and other crustaceans, including larvae (''Crustaceans''), polychaetes and chaetognaths (''Worms''), and pteropods and gelatinous zooplankton (''Others''). The vertical thickness of the bar corresponds to the depth range sampled. For MOCNESS 7, the lower depths were composed primarily of copepods and euphausiids with some gelatinous animals, whereas the surface layers also contained small amounts of polychaetes, chaetognaths, and siphonophore fragments. MOC-NESS 9 sampled a large subsurface layer of salps (over 2500 animalsÁm -3 ), which dominated the biomass sample. The remaining nets were composed primarily of copepods and euphausiids.
As each MOCNESS tow was being conducted, BIO-MAPER-II collected acoustic data while being towed at a depth of approximately 5 m beside the ship. The acoustic data were offset horizontally from the MOCNESS samples by the amount of wire out on the net tow (at most a few hundred metres). To compare the acoustic regions with the MOCNESS information, the trajectory of the MOCNESS was overlaid on the acoustic plot to determine where each net sampled (Fig. 2) .
The acoustic data for MOCNESS 7 shows strong backscatter at the higher frequencies and weaker backscatter at 43 kHz for much of the water column, although this pattern is reversed for the surface and deepest waters sampled (Fig. 2a) . Remnants of an internal wave were observed in the echogram, and the upper layer of the wave, sampled by nets 7 and 8, had the strongest backscatter at the lowest acoustic frequency, whereas backscatter from the thick layer between 50 and 100 m was strongest at the highest frequencies. The echogram collected for MOCNESS 9 showed a midwater scattering layer that was sampled by nets 4-6, with backscatter that had a similar relationship between scattering strength and acoustic frequency (Fig. 2b) . This frequency dependence is consistent with the backscatter model used for fluid-like scatterers (Warren et al. 2003) . A nearsurface scattering layer (sampled by net 7) shows the opposite effect (strongest backscatter at lower frequencies), which indicates that the scattering was dominated by a different type of scatterer, possibly the large amount of salps or physical processes occurring at the thermocline.
The water column profile for MOCNESS 7 showed a well-mixed region from 20-60 m with a steep temperature and salinity gradient above this layer and a shallower gradient below (Fig. 3a) . These mixing processes likely contributed to the backscatter observed between 15 and 100 m in the echogram (Fig. 2a) . The hydrographic data for MOCNESS 9 showed a well-mixed region in the upper 20 m of the water column, with a large gradient in temperature, salinity, and density occurring in the next 10 m (Fig. 3b ). There were several regions of potential or recent mixing (shown by unstable or nearly vertical sections of the density profile) occurring between 0-20 m, 60-100 m, and 140-180 m, although there were smaller instabilities that occurred throughout the profile.
When FP predictions of backscatter were examined for the individual contributions for different animals or processes, the dominant scatterers for MOCNESS 7 were turbulent microstructure, euphausiids, and siphonophore pneumatophores; however, the amphipod category (which included other larval crustaceans) and chaetognaths also caused appreciable amounts of backscatter (Fig. 4) . The Remnants of an internal wave (undulating backscattering layers) were observed during MOCNESS 7, whereas MOCNESS 9 measured a strong near-surface layer at a depth of 20 m, which is seen most strongly in the 43 kHz echogram. (43, 120, 200 , and 420 kHz) are represented by squares, stars, circles, and diamonds, respectively. Small copepods had body lengths less than 2.5 mm. Data points that lie above the diagonal line indicate that the FP underestimates the scattering, whereas points below the line are overestimates. Microstructure, siphonophore pneumatophores, chaetognaths, and euphausiids are the strongest contributors to the predicted levels of backscattering.
other animals (particularly the abundant copepods) contributed little to the overall predicted scattering except at the highest frequencies. Copepods also contributed little to the predictions for MOCNESS 9. Turbulence, euphausiids, salps, and siphonophore pneumatophores were the largest contributors to the backscatter (Fig. 5) . It is striking that the copepods that were by far the largest contributors to biomass have such a small contribution to the predicted levels of backscatter. This is primarily a function of copepod size (a few millimetres in length) and acoustic frequency or wavelength. For the frequencies used in this survey, copepod backscatter is primarily a function of animal size, and despite their numerical abundance in the net tow data, they are simply too small to contribute much to the predicted level of backscatter except at the higher frequencies.
The MOCNESS data provided information about the contributions that different zooplankton taxa make to the overall amount of biomass. Similarly, the relative contributions of different biological and physical sources to the total amount of predicted backscatter in the water column can be made by combining MOCNESS data, CTD data, and backscatter models. The relative contribution of each scattering source (each animal taxa and microstructure) was calculated for each MOCNESS net depth range and BIOMAPER-II frequency (Figs. 6 and 7) . The percentage contribution to the total predicted backscatter strength was found by dividing the predicted volume backscatter coefficient for each scatterer type by the overall calculated backscatter prediction. The percentage of total predicted scattering from physical (nonbiological) sources was calculated. The measured level of scattering (from the BIOMAPER-II data) was then reduced by this percentage to arrive at a corrected amount of measured backscatter that is believed to be from biological scatterers. For example, the measured level of backscatter for MOCNESS 9 from depths of 0-20 m at 120 kHz is s v = 1.58 Â 10 -6 m -1 (S v = -58.0 dB). From Fig. 7 , only 8% of the predicted backscatter for this sample is from biological sources. By multiplying the percentage of biologically caused predicted backscatter and the measured level of backscatter, an estimate of the biologically caused scatter in the water column was made, s v = 1.26 Â 10 -7 m -1 (S v = -69.0 dB).
Nonbiological backscatter contributions were important for several regions sampled by MOCNESS 7 (Fig. 6) . The predicted contributions from microstructure were largest for (43, 120, 200 , and 420 kHz) are represented by squares, stars, circles, and diamonds, respectively. Small copepods had body lengths less than 2.5 mm. Data points that lie above the diagonal line indicate that the FP underestimates the scattering, whereas points below the line are overestimates. Microstructure, salps, siphonophore pneumatophores, and euphausiids are the strongest contributors to the predicted levels of backscattering. the region between 20 and 100 m (which again corresponded to regions of mixing indicated in the hydrographic data), whereas euphausiids were the main scatterers for the deepest nets. Siphonophores contributed to the backscatter more for lower acoustic frequencies and were negligible at the highest frequency. The backscatter in the near surface was the most diverse with regard to scatterer type, with nearly all taxonomic types contributing.
For MOCNESS 9, the deeper water column and surface layer were dominated by scattering from microstructure (Fig. 7) . These large backscatter contributions from turbulent microstructure occurred in the same regions that the hydrographic profile data indicated was well mixed (0-20 m and 140-170 m). Euphausiids were the dominant scatterers in the midwater depths, with siphonophore pneumatophores and nectophores also contributing. Salps were extremely weak scatterers, and although outnumbering the other animals and dominating the biomass in the near-surface region, they contributed only 30%-60% to the total backscatter in that region.
If the FP is well posed and one taxa dominates the measured scattering, then there should be a relationship between biomass and measurements of backscatter strength. Both biomass and volume backscatter cross sections (s v ) are linear functions (for a particular taxa) of the number of animals. Therefore it is likely that a relationship between biomass and volume scattering strength should exist. The relationship between biomass and measured backscatter may not be linear, however, if more than one scattering process (or taxonomic type or size class) is substantially contributing to the measured backscatter.
The biomass and acoustic backscatter data sets from both MOCNESS tows were combined, and the regression between the logarithm of biomass and measured acoustic backscatter strength (S v , a logarithmic measure of acoustic backscatter) was found for each acoustic frequency. The log of both biomass and backscatter was used as some of the acoustic data (specifically predicted backscatter for some scatterer types) ranged over nearly five orders of magnitude. The backscatter model used for salps has not been as well tested, by comparing theoretical backscatter predictions with measured backscatter from individual animals, as the backscatter models used for other animals. Because of this fact and the extremely high biomass of salps caught in net 7 of MOCNESS 9, the data from this net were not included in this analysis.
There was not a strong relationship (all r 2 values < 0.4) between log-transformed biomass and measured backscatter levels for any of the four frequencies used (Fig. 8) . A poor relationship between zooplankton biomass and acoustic backscatter is likely to occur when nonzooplankton scatterers are contributing to the measured amount of acoustic backscatter. This result was not surprising as turbulent microstructure was predicted to contribute greatly to the measured backscatter for some portions of the water column.
A similar analysis was performed for biomass and biologically caused backscatter (Fig. 9) . When backscatter attributed to physical processes was removed, the relation- ship between log measures of biomass and acoustic backscatter was more linear. Regression coefficients improved for all frequencies, indicating a better correlation between biomass and backscatter. It must be noted that the regression coefficients for each frequency are still fairly small (r 2 ranged from 0.38 to 0.52); however, these values are a factor of two or three larger than if the source of the backscatter is not identified. By accounting for the source of acoustic backscatter using hydrographic and net tow information, this method can be used to improve the use of acoustic backscatter data as a measure of zooplankton biomass.
Discussion
One of the goals of acoustic surveys is to estimate zooplankton biomass, and this requires that the relationship between biomass and acoustic backscatter is well understood. The data presented here indicate that improvements can be made in the interpretation of field-collected survey data if the contributions of all scattering sources are quantified. The relative importance of physical and biological sources of acoustic backscatter will vary with location in the ocean, and certainly, some regions will not have substantial backscatter from physical processes in the water column, whereas other areas (such as the sites in this study that have internal waves present) will have significant contributions to the backscatter from nonbiological sources. The modeling efforts outlined in this work provide one way of determining if physical sources of backscatter will need to be accounted for when interpreting acoustic backscatter survey data. However, these improvements are just one step of many that need to be taken in order that acoustic surveys may provide estimates of zooplankton abundance that are accurate and ecologically useful. Given that biomass and predictions of biologically caused backscatter are not perfectly correlated, sources of error in the analysis, such as inaccuracies in the backscatter models used, must be examined.
The zooplankton backscatter models for fluid-like, elasticshelled, and gas-bearing zooplankton have been used previously in the analysis of field-collected data (Wiebe et al. , 1997 Greene et al. 1998) ; however, there are many variables used in these models that are inadequately understood, such as animal behavior and orientation or the material properties (g and h) of the zooplankton. A better understanding of the scattering model inputs would reduce errors associated with these types of animals. Furthermore, there are numerous types of animals (salps, polychaetes, chaetognaths, gelatinous zooplankton) with backscatter characteristics that have been neither modeled nor measured in a laboratory environment.
Uncertainty about the inputs to the backscatter models is a concern for the microstructure model as well. Proper instrumentation was not present to measure the dissipation rates of turbulent kinetic energy and temperature variance, which are vital inputs into the theoretical microstructure of backscatter models, so the method used to estimate these inputs was not ideal. Although this method provided reasonable estimates of and , it likely overestimated the scattering contributions from microstructure. For example, some Percentage breakdown of forward problem calculations for each net and acoustic frequency of MOCNESS 9. Euphausiids dominate the backscattering in the midwater depths, whereas turbulence contributes strongly near both the bottom and the surface. The salps, which dominated the biomass in the near-surface net, contribute only 30% to 60% to the total backscattering for that region.
regions of MOCNESS 9 have microstructure-caused s v values that were larger than the backscatter measured by BIOMAPER-II. Further complicating this issue is the possibility that the vertical migration of animals may be creating significant amounts of turbulence and mixing (Huntley and Zhou 2004; Kunze et al. 2006 ).
Other possible sources of error in the FP analysis include erroneous zooplankton abundance and composition data and inaccurate measurements of the acoustic backscatter. Net tow information from MOCNESS systems has been used for several decades, and sampling errors from it are likely limited to net avoidance by large zooplankton (Wiebe et al. 8 . The relationship between the logarithm of biomass and measurements of acoustic backscatter strength for MOCNESS 7 (squares) and MOCNESS 9 (circles), excluding net 7 from MOCNESS 9. Most frequencies show little correlation between these two variables, except for the highest frequency (420 kHz). Fig. 9 . The relationship between the logarithm of biomass and predictions of biologically caused acoustic backscatter for MOCNESS 7 (squares) and MOCNESS 9 (circles), excluding net 7 from MOCNESS 9. All of the acoustic frequencies show improved regressions and fairly linear relationships for the data.
2004) and gelatinous animals being destroyed by the net mesh. Finally, the undersampling of animals by either nets (e.g., large euphausiids or small fish) or lower acoustic frequencies (e.g., copepods) will cause errors in the FP analysis. One approach that has been used in the analysis of acoustic scattering data (Warren et al. 2003) is to use the net tow estimates of numerical density as a lower bound on the true value (as you cannot have more animals in a net than are present in the water column) and to use the acoustically inferred estimates of biomass as an upper bound (as these rely on measures of backscatter strength that likely contain contributions from other scattering sources). In this manner, combining acoustic and net tow data can provide an upper and lower estimate of the abundance of zooplankton in the water column.
This study also demonstrates the importance of resolving the changes in biological and physical backscatter sources within the water column. A multiple net system, or other methods such as video or optical ground-truthing, may be necessary to accurately assess acoustic surveys of zooplankton biomass, particularly where the taxonomic components of the zooplankton community are diverse. Providing this vertical resolution and ground-truthing of the acoustic data also allows us to observe partitioning of the water column into different habitats that would not be apparent from either the acoustic data alone or a vertically integrating net tow. Although some regions of the ocean do have patches with a single dominant taxa (e.g., Antarctic krill), the variation in abundance and distribution of zooplankton taxa observed over a 200 m vertical span in this study demonstrates the importance of measuring and quantifying these changes.
The difference between predictions of S v and those values that would perfectly correlate with the biomass data are on the order of 5-10 dB (assuming that the biomass data are accurate). These differences become very large when backscatter strengths are converted to estimates of biomass; therefore, these predictions result in estimates of zooplankton biomass that are correct to roughly an order of magnitude. In certain cases, this level of error may be acceptable, but further work is needed to reduce this uncertainty. Without accounting for the source of acoustic scattering in the water column, estimates of biomass from acoustics are likely to have even larger errors.
